Background-Cardiac surgery may be associated with significant perioperative and postoperative morbidity and mortality.
C
ardiac surgery is associated with a defined degree of perioperative and postoperative morbidity and mortality related not only to the underlying pathology but also to the procedures themselves. 1, 2 Identification of patients who are at higher risk may allow better targeting of investigation, monitoring, and treatment, ultimately leading to an improvement in patient outcome.
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Perioperative and postoperative myocardial ischemia, leading to myocardial damage and necrosis, can occur to varying degrees after cardiac surgery. It is not always easy to identify and classify with standard ECG techniques 3, 4 or biochemical markers. 5 Cardiac troponin I (cTnI) and T (cTnT) are highly sensitive and specific markers of myocardial damage and have evolved as the "gold standard" for the diagnosis of myocardial infarction in patients presenting with an acute coronary syndrome. 6 Troponin release after cardiac surgery is detectable in the majority of patients and was first described in 1991. 7, 8 The interpretation of such release, however, is complex because of the variety of potential underlying reasons. Several small studies have reported the prognostic significance of postoperative troponin measurements in relation to both short-and medium-term outcomes. 9 -14 Nevertheless, confusion remains with regard to what constitutes a "high-risk" troponin level and how to adjust for potential confounding variables such as the type of surgery performed, aortic cross-clamp time, and the timing of measurement.
In the present study, we have evaluated the significance of elevations in cTnI in a large cohort of consecutive patients undergoing cardiac surgery in relation to short-, medium-, and long-term outcome. In doing so, we have adjusted for potential confounding factors inherent in this patient cohort. surgery, and 2 patients died during the surgical procedure itself. The study cohort consisted of the remaining 1356 patients.
Clinical details were collected prospectively by a full-time, experienced data collector. These included the European System for Cardiac Operative Risk Evaluation (EuroSCORE 1, 15 ) and the glomerular filtration rate estimated from the Modification of Diet in Renal Disease equation. 16 Preoperative and postoperative (at the time of hospital discharge or in-hospital death) medications were recorded by case note review. The ECGs performed immediately before surgery and those recorded on postoperative days 1 and 2 and before discharge were retrospectively reviewed by a cardiologist blinded to all other data. The presence of new pathological Q waves was documented, as were any other changes consistent with perioperative ischemia/infarction. Vital status was determined with statistics obtained from the Scottish Register General Office. The main outcome measures were 30-day, 1-year, and 3-year all-cause mortality. In addition, the cause of death was verified and classified as cardiovascular when this was recorded on the death certificate as the principal cause or a major contributory factor. Serum samples were collected 2 and 24 hours after the completion of surgery and cTnI measured with the Bayer ADVIA Centaur automated immunoassay (Bayer Diagnostics, Tarrytown, NY). The 99th percentile value for this assay is 0.16 g/L, with a coefficient of variation of Ͻ10% achieved at levels Ն0.32 g/L. 17 Results were reported to the attending clinicians.
Statistical Analysis
Categorical data are expressed as number (%) and continuous variables as median (interquartile range). Differences in baseline characteristics between survivors and those who died were compared with the 2 test for categorical variables and the Mann-Whitney U or Kruskal-Wallis test for continuous data. Odds ratios (ORs) and 95% confidence intervals (CIs) for mortality were calculated. The effect of operation type on cTnI release was assessed with the Jonckheere-Terpstra test, and the relationship among quartiles of cTnI and postoperative medication and ECG changes was evaluated with the 2 test for trend. Correlations between the duration of cardiopulmonary bypass and aortic cross-clamp times were determined with the Pearson correlation test. Survival was plotted by the Kaplan-Meier method, and comparisons were made with the log-rank test. The independent ability of clinical and demographic variables and cTnI to predict 30-day, 1-year, and 3-year mortality was assessed with logistic regression with backward stepwise selection. All statistical analyses were performed with SPSS version 13.0 for Windows (SPSS, Chicago, Ill).
The authors had full access to the data and take full responsibility for their integrity. All authors have read and agree to the manuscript as written.
Results
Among a total of 1356 patients included in the study, 1041 underwent isolated coronary artery bypass grafting (CABG), with 59 patients having 1 vessel grafted, 346 having 2 vessels grafted, 533 having 3 vessels grafted, and 103 patients having Ͼ3 vessels grafted. The remaining 315 patients had more complex procedures. These included 305 valve replacements/ repairs (216 aortic valve replacements [3 with associated surgery on the thoracic aorta and 79 with concomitant CABG], 78 mitral valve replacements/repairs [27 with concomitant CABG], 10 combined aortic and mitral valve operations [1 with associated thoracic aortic surgery and 1 with concomitant CABG and tricuspid valve surgery], and 1 isolated tricuspid valve repair). The remaining 10 complex procedures consisted of CABG in combination with left ventricular aneurysmectomy (nϭ6), myxoma resection (nϭ2), aortic root surgery (nϭ1), and pericardiectomy (nϭ1).
Seventy-two patients (5%) did not have troponin analysis performed at 2 hours, whereas 58 (4%) did not have a measurement taken at 24 hours, in 7 cases because of death of the patient before this time point. These patients were excluded from analyses that involved cTnI at the respective time points. At 2 and 24 hours, 90% and 98% of patients, respectively, had a cTnI level above the locally used cutoff of 0.32 g/L.
Univariate Predictors of Outcome
The demographic, clinical, and biochemical characteristics of the study cohort are shown in Tables 1 and 2 along with related data comparing those who had died with survivors at 30 days and 1 year, respectively. A total of 31 patients (3%) died within the first 30 postoperative days, and this number increased to 65 (5%) at 1 year. All deaths within 30 days and 61 (94%) of those by 1 year were due at least in part to cardiovascular disease. Tables 1 and 2 show the ORs for mortality at these time points. Similar differences were seen when we assessed those patients who died by 3 years (nϭ117, 9%). These patients were likely to be older (OR At the 3-year follow-up, 107 (91%) of 117 deaths were due in part or entirely to cardiovascular disease. Cardiac TnI levels at 24 hours were predictive of cardiovascular death at 3 years (OR 1.14 per 10 g/L, PϽ0.001), with a similar trend observed for cTnI levels at 2 hours (OR 1.16 per 10 g/L, Pϭ0.08).
Multivariate Analysis
Analysis was performed with logistic regression with backward stepwise selection that incorporated all study variables. Cardiopulmonary bypass and cross-clamp time were strongly correlated (Pearson correlation coefficient 0.91, PϽ0.001), and therefore, only cross-clamp time was included in the regression models. Cardiac TnI levels measured 24 hours after surgery were independently predictive of mortality at all time points, even after adjustment for all other factors, including operation complexity and EuroSCORE (Table 3 ). The independent predictors of cardiovascular mortality at 3 years were similar to those that predicted all-cause mortality. Cardiac TnI at 24 hours remained an independent predictor of cardiac death (OR 1.08 per 10 g/L, Pϭ0.03) after correction for all other variables.
Cardiac TnI Quartile Analysis
The Figure shows the Kaplan-Meier survival curves for patients grouped by quartile of troponin I at 2 (A) and 24 hours (B). Log-rank tests (Mantel-Cox, linear trend) were used to assess curve separation for cTnI levels at 2 hours 
Other Analyses
Cardiac TnI levels rose as the complexity of surgery increased. The median cTnI level at 2 hours in patients undergoing isolated CABG with a single graft was 0.22 g/L (interquartile range: 0.00 to 1.04 g/L); after 2 grafts, it was 1.53 g/L (0.63 to 2.86 g/L); after 3 grafts, it was 1.92 g/L (0.99 to 3.31 g/L); after Ͼ3 grafts, it was 2. In patients who underwent isolated CABG (nϭ1041), cTnI levels at 24 hours were univariate predictors of death at 30 days (OR 1.18 per 10 g/L, Pϭ0.001), 1 year (OR 1.13 per 10 g/L, Pϭ0.005), and 3 years (OR 1.08 per 10 g/L, Pϭ0.04). In multivariate analyses with backward stepwise selection that incorporated all study variables, cTnI levels remained independent predictors of death at 30 days (OR 1.19 per 10 g/L, Pϭ0.003) but not at 1 or 3 years.
Retrospectively collected clinical data (preoperative and postoperative drug therapy and ECG findings) were available for 1213 patients (89%). Unfortunately, data were disproportionately missing for patients who had died during follow-up, because of destruction of their clinical records. Of the 117 patients who had died by 3 years, data relating to medication and ECG changes were available for 50 (47%) compared with 1164 (94%) of 1239 survivors. Preoperative treatment with aspirin and/or clopidogrel (used by 83%), ␤-blockers (69%), and statins (73%) was associated with a better 3-year survival (OR 0.51, Pϭ0.04; OR 0.46, Pϭ0.008; and OR 0.51, Pϭ0.02, respectively). Preoperative use of an angiotensin-converting enzyme inhibitor and/or an angiotensin II receptor blocker (used by 39%) was not, however, predictive of 3-year outcome (OR 1.42, Pϭ0.23). Of these agents, only the postoperative use of a statin (by 78% of patients) was predictive of outcome (OR 0.45, Pϭ0.007). However, neither the development of postoperative ECG changes compatible with ischemia (33%) nor new Q waves (3%) were indicative of prognosis (OR 0.73, Pϭ0.35 and OR 1.57, Pϭ0.55, respectively). The incidence of postoperative ECG changes compatible with ischemia or new Q waves in patients with 24-hour cTnI levels in different quartiles is shown in Table 5 , along with their postoperative (at discharge or in-hospital death) medical therapy. Patients with cTnI levels in the upper quartile had a higher prevalence of pathological Q waves. Likewise, those with levels above the median were less frequently treated with antiplatelet therapy and statins.
Discussion
Troponin measurement is routinely performed in many centers after cardiac surgery. Elevated levels are common, which can lead to diagnostic confusion. However, perhaps the most appro- priate questions are whether a measured troponin level in a particular individual is higher than might be expected when other factors are taken into account and whether such an elevation indicates that the patient is at increased risk. The present study suggests that cTnI levels are usually elevated after cardiac surgery but that the degree of elevation varies depending on the nature of the operation. Regardless of other factors, cTnI levels 24 hours after surgery are powerful predictors of mortality, both in the short and longer term. Likewise, at all time points studied, patients whose 24-hour cTnI levels are in the upper quartile have a 2-to 3-fold increased risk of dying compared with those in the lowest quartile, even after adjustment for operation type and EuroSCORE.
Levels of cTnI determined 2 hours after surgery were also commonly elevated. Their prognostic utility was, however, inferior to the 24-hour value, which suggests very early troponin values may not be as useful as measurements taken later after surgery. This is supported by other studies, which demonstrated that troponin levels in patients with good and bad outcomes did not separate well until 12 to 24 hours after surgery. 9, 10 It may be that early troponin release is due primarily to common factors, such as the surgery itself, whereas continued troponin release may also reflect perioperative/postoperative events, such as ongoing myocardial ischemia/necrosis, that affect subsequent outcome.
The type of operation is a significant confounder when one interprets postoperative troponin levels, with more complex surgery associated with greater elevations. This is likely related to several factors, including time on bypass and myocardial damage due to the surgery itself. A troponin level in the lowest quartile for valve surgery may have very different connotations if found in a patient after single-vessel CABG. The operation type, therefore, should be taken into account when values are interpreted.
Other factors also complicate attempts to establish universally acceptable cutoff levels for troponins. Surgical techniques and patient case mix may vary greatly between institutions. The additional variation depending on whether cTnI or cTnT is used, as well as the variety of different cTnI methods available, adds to the complexity, as does the lack of standardization of these assays. This means that the absolute values derived in the present study cannot be universally applied. Instead, it is more appropriate for individual centers to establish their own limits based on individual circumstances and analytical techniques.
Previous Studies
Two large studies have assessed the relationship between creatine kinase-MB isoenzyme (CK-MB) and outcome from CABG. 18, 19 Among 496 patients assigned to CABG in the Arterial Revascularization Therapies Study, 18 an elevated postoperative CK-MB (according to the local laboratory assay type and cutoff) was observed in 62% of patients. Patients with elevated levels had a higher 30-day and 1-year mortality, with the excess risk predominantly observed among patients with a Ͼ5 times increase. Likewise, CK-MB levels were an independent predictor of a composite end point of major adverse cardiac events at 1 year. In 2918 patients randomized to the CABG arm of the GUARD during Ischemia Against Necrosis (GUARD-IAN) study, 19 an elevated CK-MB ratio (peak CK-MB value/ upper limit of normal for the local laboratory) was a strong independent predictor of 6-month mortality. Once again the greatest risk was observed in patients who had a ratio Ն20 times normal (OR 8.3, 95% CI 4.8 to 14.3, PϽ0.001).
In contrast to the data pertaining to CK-MB, the studies assessing the prognostic utility of cardiac troponin levels after cardiac surgery have been relatively small with limited duration of follow-up. In a study of 224 consecutive patients undergoing a range of cardiac surgical procedures, Januzzi and colleagues 12 have demonstrated that cardiac cTnT levels in the upper quintile were significant independent predictors of in-hospital complications. In this cohort, both cTnT levels taken immediately postoperatively and those assayed between 18 to 24 hours after surgery were independently predictive of a complicated inhospital course. 12 They also demonstrated that cTnT levels were superior in this respect to measures of CK-MB. The same authors have also recently reported the 1-year outcome of 136 patients who underwent isolated CABG. 11 During this time, 7 (5%) patients died. In keeping with the present study, they found that median cTnT levels were higher among those patients that died, and that a cTnT level in the highest quintile at 18 to 24 hours was the strongest independent predictor of mortality (OR 5.45, 95% CI 4.5 to 232.5, PϽ0.001). The prognostic value of cTnT has also recently been reported in a cohort of 204 patients followed up for a mean of 28 months. 10 In this study, a cTnT level Ͼ0.46 g/L (determined using receiver operating characteristic curve analysis) was an independent predictor of mortality (OR 4.93, 95% CI 1.02 to 23.9, Pϭ0.047), though again there were few deaths on which to base this model (nϭ14). In summary, therefore, the findings of the present study are comparable with prior data relating CK-MB and/or troponin levels after cardiac surgery to subsequent mortality but extend these by reporting the prognostic utility of cTnI in a large cohort followed up for longer. In addition, the size of the cohort allows us to adjust for potential confounding factors inherent in this patient cohort, and in particular the nature of the surgery performed.
Potential Clinical Implications
The current data suggest that troponin levels after cardiac surgery could be used to identify patients who are at consider- ably increased risk. Identification of such individuals may allow more intensive monitoring and intervention and facilitate efficient use of clinical resources. Perhaps more important, if such patients can be identified at an early stage postoperatively, measures could be instituted to improve their outcome. These might include interventions proven to increase survival in other settings, such as treatment with ␤-blockers and agents that influence the renin-angiotensin-aldosterone system.
Strengths and Limitations
The strength of this study is that it assesses outcome in a large contemporary cohort of consecutive patients undergoing cardiac surgery in a regional cardiothoracic surgical center. The results are, therefore, likely to be widely applicable. The large cohort also ensures that all-cause mortality can be used as the primary end point. This has the advantage of being entirely objective. 20 The absence of data on other important nonfatal outcomes such as recurrent myocardial infarction, postoperative heart failure, and stroke is a limitation, however, as is the absence of data regarding CK-MB and postoperative left ventricular systolic function.
Troponin levels were not assayed before surgery. Thus, although all patients undergoing emergency surgery or with an acute myocardial infarction in the week before surgery were excluded, it is possible that some subjects had minor preoperative elevations. In addition, cTnI levels were available to the clinicians attending the patients. These may have prompted interventions that could have influenced outcome. To address this in part, we retrospectively collected data relating to postoperative drug therapy. Unfortunately, these data were incomplete, limiting the conclusions that can be drawn. Nevertheless, those data that were available suggest that use of secondary preventative therapies such as aspirin and statins was less common among patients with cTnI levels in the highest quartile(s), though this may reflect a higher prevalence of valvular heart disease.
The range of cTnI levels, particularly within the upper quartile, is wide. This is not unexpected given the multiple potential causes of troponin release in this setting. These may include direct, surgery-related tissue damage, ischemia/reperfusion injury, suboptimal cardiac protection, perioperative myocardial infarction, and preoperative factors such as the extent of underlying coronary artery disease and the presence of left ventricular hypertrophy. The current study does not address the important issue of the mechanism of cTnI elevation.
Conclusions
Cardiac TnI levels are frequently elevated after cardiac surgery, with the degree of elevation influenced by the nature of the operation. However, after accounting for the complexity of the surgery and other potential confounding factors, cTnI levels at 24 hours remain independent predictors of short, medium, and long-term outcome. Patients with cTnI levels in the highest quartile are at particular risk. These data suggest that routine measurement of troponin levels after cardiac surgery may be clinically useful and can identify a group of patients at increased risk of death. These individuals might benefit from more intensive investigation and treatment, though this remains to be tested.
